Abstract-A generalized methodology to design low-profile transmitarray (TA) antennas made of several stacked layers with nonresonant printed phasing elements is presented. A study of the unit cell bandwidth, phase-shift range and tolerances has been conducted considering different numbers of layers. A structure with three metalized layers with capacitive and inductive elements enabling a phase range of nearly 360
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I. INTRODUCTION
T RANSMITARRAY (TA) antennas are being developed to significantly reduce the mass and the cost of beamforming antennas for satellite communication as low profile conformal designs with high radiation efficiency and no feed blockage. Dual optics antenna configurations are common choices for satellite earth decks where the radiation pattern is controlled by a subreflector or subreflectarray [1] . A new antenna configuration which integrates a TA as a subsystem to the parabolic reflector has been presented [2] . Beam synthesis is done by adjusting the phase shifts on the sub TA unit cells acting as a spatial filter illuminated by the primary feed. A mechanism for rolling flexible TA sheets, as designed in [3] for reflectarrays, can be used for reconfigurable beams. Such configuration combines the advantages of both reflectors and array antennas: it does not suffer from the insertion loss of a beam-forming network, allows coverage reconfigurability among a predefined set and is less sensitive to thermo-elastic distortions due to on-orbit extreme thermal conditions than reflectarrays [4] .
Different concepts have been used to design TAs, also called discrete lenses. TAs are classified into active (when external control signal is used for the phase shift reconfiguration) [5] , [6] and passive lenses. Typical passive TAs consist of receive and transmit antennas (typically microstrip patch antennas) on opposed layers, connected together using a phase shifting element. The required phase shift can be achieved by transmission lines with variable lengths connecting the elements of receiving and transmitting arrays, or apertures used to couple the arrays of receiving and transmitting microstrip patch antennas together [7] , [8] .
A cascade of phase shifting layers can also be used to realize TA unit cells. The phase shift distribution required on the surface of the TA to synthesize a radiation pattern is given by the phase response of the unit cells transfer function. In most techniques, resonant elements are used with periodicities in the order of half a wavelength [9] , [10] . A large periodicity is often associated with an increase in sensitivity to variations of the angle of incidence and it may cause grating lobes. Recently, some authors have presented a class of low-profile frequency selective surfaces that are composed of nonresonant periodic structures [11] . These structures are referred to as miniaturized element frequency selective surface (MEFSSs). This class of selective surfaces is more stable as a function of the incidence angle [12] . Some studies have been conducted recently on the number of layers in the design of phase shifting surface lens antennas [13] , [14] . Improvement in the bandwidth of TA elements had been obtained at the cost of reduction in the phase range of the elements [15] .
The main objectives in the design of multilayer phase shifters for TAs are the increase of the phase range, the minimization of losses and higher stability of the response with the frequency and the angle of incidence. In this paper, a study is conducted on the sensitivity of TA unit cells made of multiple layers to frequency and spacing variations, using a very simple and effective analysis method for a variety of element shapes. The proposed shapes are symmetrical and can be used for circular polarization.
In Section II, we will first present the principles of design for the proposed stacked layer TA. In Section III, the phase shifting elements are introduced. A comparative study on the stability and phase shifting ranges considering two to four layers is then presented in Section IV. Fabrication description and measurement results for three-and four-layer TAs are given in Section V. Finally, conclusion is drawn in Section VI. Fig. 1 shows the three-dimensional view of the multiple layer TA unit cells. The structure is composed of thin substrate layers with printed periodic capacitive and inductive subwavelength elements separated either by air or dielectric material.
II. PRINCIPLES OF OPERATION AND DESIGN PROCEDURE
Each cell can be represented by the simple equivalent circuit shown in Fig. 2 [16] , in which each metalized layer is represented by a shunt admittance on a transmission line (normalized values b 1 and b 2 ). In a symmetrical three-layer design, unit cell elements of layers 1 and 3 have equal admittances. The line is terminated by the free-space characteristic admittance, shown as the normalized value 1 in the equivalent circuit. The separations between the layers are represented by transmission line sections of length d, which is the sum of the physical distance between the layers plus a correction to account for the substrate (0.1016 mm in this case) which was found empirically. The admittance of each element (including the substrate) is obtained using full-wave electromagnetic simulation. The simulations are carried out using the finite element method in Ansys high-frequency structure simulator (HFSS). The unit cell is placed inside a waveguide with master-slave boundary conditions walls and Floquet ports, so as to simulate an infinite periodic array of identical cells under plane wave illumination.
The right choice of admittances of the layers and the spacing between them allows building a database of cells with a transmission phase range of almost 360
• and insertion loss lower than 0.1 dB. The input admittance y in is calculated from the equivalent circuit in Fig. 2 as a function of susceptances b 1 and b 2 for a fixed separation d. Then the matching condition 
Using (1), b 1 is varied and b 2 is calculated for different values of d [shown in Fig. 3(a) ]. The transmission phase is calculated by the transmission matrix of the circuit [phase response shown in Fig. 3(b) ].
In order to design a TA cell with a given phase shift, the corresponding value of b 1 is first obtained with the curve of Fig. 3(b) . Then, using b 1 the value of susceptance for b 2 that ensures matching is read from the curve in Fig. 3(a) , or calculated with (1). These two curves are dependent on the number of layers, the physical separation between the layers and the thickness of the substrate, regardless of the element shape. The same procedure can be applied for the case of two and four layers, but the matching conditions on b 2 are of course different than (1) .
It can be seen in Fig. 3 that the ranges of b 1 and b 2 cover inductive and capacitive susceptances. In this example, the 360
• phase range is nearly achieved, but large values of susceptance are needed. Cell topologies that can achieve these values are presented in Section III.
III. DESIGN OF THE UNIT CELL ELEMENT
The validity of the design curves has been verified through full-wave simulations of several representative three-layer cells.
In order to determine the range of susceptances covered for different types of elements, the minimum dimensions of printed Table I up to the largest possible dimension, which are limited by the size of the cell and the minimum size of the gaps imposed by fabrication process. Table I shows six different types of susceptance elements which cover the inductive and capacitive range required according to the design curves introduced in Section II. As it can be seen in the table, the inductive cross element and the uniplanar compact electromagnetic bandgap (EBG) element [17] cover most of the inductive range (by changing the width of the lines). The meander has the advantage of covering inductive and capacitive values depending on the width of the line, their length, and the proximity of the lines to the cell borders. Capacitive patches and gap EBGs are used for capacitive values. Within a fixed unit cell size, higher capacitances can be obtained by decreasing the spaces between the patches. Decreasing the spacing is limited by fabrication techniques; therefore, higher values of capacitance are achieved by using overlapping patches. It is observed from the geometry of the cells that all of them (except for case f ) maintain a 90
• rotational symmetry, which ensures insensitivity to polarization for normal incidence, to be used for circular polarization applications in satellite's Ka-band antennas. As the transmission phase is always calculated in a matched condition for the layers and is independent of the geometrical shapes of the elements, the type and size of elements could be chosen inside the range of fabrication tolerances. Regarding the special application of the TA in space applications, electrical dc connection between elements can be privileged to minimize static charge accumulation on the metallic patterns. Such connection is present in the cross, EBG, and meander elements.
The achievable transmission range for a three-layer unit cell with d = λ/8 is 321
• , as seen in Fig. 3 . Varying the distance between the layers moves the steep portion of the phase versus b 1 curve but the phase range does not cover the whole 360
• range [see Fig. 3(b) ]. The phase variation as in Fig. 3(b) is continuous. The values of b 1 and b 2 achieved by each element in Table I can be varied continuously within a specific interval. The third column in Table I gives examples of intervals for each susceptance implementation. These ranges depend on the cell size (here 0.19λ × 0.19λ at a design frequency of 19 GHz) and the resolution of the fabrication process.
Improvement of the frequency bandwidth of the elements and tolerance to spacing errors are studied further in Section IV, as well as the effects of added thickness in errors induced by oblique incidence.
IV. SELECTION OF THE OPTIMAL NUMBER OF LAYERS
A minimum number of three array layers, including inductive and capacitive elements, are necessary to achieve a large phase range, while maintaining matched conditions. The TA should be capable of producing a transmission phase shift of between 0
• and 360
• . The phase ranges of two-and threelayer cells, considered in a periodic array, are compared in Fig. 4(a) .
The two-layer cells [ Fig. 4(c) ] allow a partial phase range of only 190
• . The three-layer cells, however achieve a larger phase range of 321
• . Fig. 5 shows the variation of transmission amplitude and phase with frequency for different cases of threelayer unit cells designed with negative and positive values of b 1 . In these simulations, based on the circuit of Fig. 2 , it is assumed that b 1 and b 2 are constant over the frequency interval. This assumption has been validated with HFSS simulations in Section V. It is seen that the bandwidth of the cell (less than 3 dB of insertion loss) and the variation of its transmission phase are dependent on the magnitude of the outer layer susceptances. High susceptance magnitudes result in a 3-dB insertion loss bandwidth as low as 6.3%, whereas keeping the values of |b 1 | lower than 2 gives a bandwidth as large as 45% (Fig. 5) . According to Fig. 3(b) , limiting the range of |b 1 | decreases the achievable phase range.
As observed in [13] , in order to improve the bandwidth of the cells while keeping a large phase range, a four-layer structure is required. In a four-layer cell, due to a quadratic equation in the matching condition, two different curves of transmission phase versus susceptance are obtained, which broadens the choices and makes it possible to use cells with smaller magnitudes of susceptance compared to the three-layer case to cover a given phase range. For similar values of b 1 , the single element bandwidth is not much different in three and four layers. However, since the whole 360
• can be covered with small b 1 values, the resulting bandwidth of the elements is larger. This can be clearly seen in Fig. 6 . For the layer spacings specified in Fig. 6 , to cover a phase range of 360
• the maximum value of susceptance needed is only 1.9. Using a maximum susceptance of 3, a phase range of 460
• can be achieved. The transmission magnitude and phase versus frequency curves of four different four-layer unit cell elements are illustrated in Fig. 7 . Unit cells with high values of |b 1 | have a very narrow bandwidth. 
However, as a 360
• transmission phase range is achieved with a |b 1 | lower than 1.9, the frequency bandwidth of all unit cell elements used in design would be higher than 20% as shown in the figure.
An important consideration in space antenna applications where TA panels are subject to extreme changes of temperature is thermo-elastic distortion of the substrate layers and the effect of such variations on the performance of the TA. To assess the effect of such distortions, a variation of 10% was applied to the spacing between the layers on three-and four-layer cell topology. The maximum phase shift error obtained by full-wave simulations for changes of ±5% in the spacing are shown in Fig. 8 
. The three-layer cells have values of phase errors going up to 110
• on the extremes of the phase range. Those elements have large absolute values of susceptance with very low transmission which results in a meaningless value of transmission phase. In comparison, the four-layer cells show a better stability, with a maximum phase variation of about 35
• . Fig. 9 shows transmission losses for a three-layer cell with b 1 = −6 and d = λ/8 for the lowest phase shift in the range, and the transmission loss for the lowest phase shift in a four-layer cell (b 1 = −1.9). In a four-layer design with d 1 = λ/4 and d 2 = λ/8 where a phase quantization of 3 bits is applied, the highest magnitude of susceptance to use to cover 360
• of phase shift is 1.9. The simulations show insertion losses below 1 dB for a ±5% variation of spacing in this case (see Fig. 9 , where n is multiplying index used for changing the distance between the layers).
The impact of adding one layer and the increased thickness of the cells on the sensitivity to the angle of incidence for the four-layer cell (total thickness: four layers of substrates of 0.1016 mm + 2d 1 + 2d 2 = 0.65λ) was studied and will now be compared to a three-layer cell (total thickness: three layers of substrates of 0.1016 mm + 2d 1 + d 2 = 0.27λ). If we assume a TA with a focal length-to-diameter ratio (F/D) of 0.9, the maximum angle of incidence of the edge of the TA is 25
• . The average loss for three-layer unit cells with low susceptances at an angle of incidence of 25
• and ϕ = 0 • (ϕ is in the xy-plane in Fig. 1 ) varies between 0 and 0.1 dB, whereas for a four-layer cell it varies between 0.1 and 0.4 dB (see Fig. 10 ). However, the highest values of susceptance used in the three-layer cell to achieve large phase shifts cause high losses (up to 8 dB). This is not the case for the more stable four-layer cell. The study of transmission phase errors for oblique incidence shows that the high errors for the three-layer case associated to the large values of susceptance are avoided in the four-layer TA.
V. MEASUREMENTS
Two TA prototypes were designed and fabricated. The first prototype with three layers covers a maximum phase range of 321
• . Linear progressive phase shift from 12.4
• to 343.5
• is applied along the y-axis of the TA with the purpose of creating a 6.4
• beam tilt. The phase shift is constant along the x-axis. Ten different phase shifting cells with different geometries for a linear progressive phase shift with steps of 36
• are chosen from the curves of Fig. 3 : b 1 is chosen from Fig. 3(b) , b 1 from Fig. 3(a) , and then the element geometry and dimensions are chosen from a database where the extracted parameters from full-wave simulation of Table I elements at 19 GHz are stored. A phase discretization is applied on the 40 elements of the TA along the y direction. Ten different steps of phase shift are used (Table II) , with each step consisting of four identical consecutive cells. It has been shown in [2] that the performance of the TAs can be maintained with only eight phase states (3-bit quantization), which is less than the 10 states used here. By using such a small number of states, the number of simulations can be drastically reduced. Table II shows the susceptance of the three-layers and resulting transmission phase from the circuit model. Columns labeled 1 and 2, respectively, give b 1 representing the normalized susceptance of a unit cell element on the first and third layers (which are identical) and the b 2 values are for the normalized susceptance of the element on the middle layer. Under each value of b 1 and b 2 , letters indicating the element geometries, specified in Table I , are given. The resulting transmission phases are shown in the next column. The amplitude and phase of the S parameters of each cell (consisting of the stacked layers) obtained by HFSS full-wave simulations are shown in columns 4 and 5. The phase shifts obtained with HFSS are slightly different than the target values of column 3. This is because the optimization was stopped in order to limit the simulation time. Nevertheless, the full-wave results of the transmission phase of the multilayer cells as well as their good matching (return loss lower than 18 dB) prove the accuracy of the circuit model and ensure that there is no need for further optimization of the cell geometry. Moreover, the infinite-array approach is an approximation which does not consider mutual coupling between adjacent nonsimilar cells and edge-diffraction effects. However, previous work has shown that this method can accurately calculate the general pattern shape and main beam characteristics and can be used for the evaluation the performance of the TA [18] . As it can be seen in Fig. 11 , the insertion loss of the three-layer cells is very small for normal incidence at 19 GHz. However, the transmission magnitude of some of the cells drops quickly as the frequency is varied around the design frequency of 19 GHz (Fig. 12) . These results have been obtained using Ansys HFSS full-wave simulations for each type of cell in Table II, Table II (HFSS full-wave simulation).
6.3% for |b 1 | = 6 cells). However, it is still possible to observe that higher values of b 1 increase the sensitivity to these variations. Fig. 12 also shows the phase shift variations of the 10 cells over frequency. In the −3 dB bandwidth, the maximum phase dispersion of the cells, offset by their transmission phase at 19 GHz is 51
• and increases quickly near the design frequency. It is clear in this figure that the two cells having largest values of |b 1 | are the primary cause of bandwidth limitation due to increased insertion loss, but also to phase dispersion.
The TA was implemented on flexible dielectric substrate for transmit at Ka-band for later implementation in reconfigurable rolling mechanisms [3] . Dupont Pyralux with a thickness of 0.1016 mm, ε r = 3.4, and tan δ = 0.002 is used for the element layers. Foam sheets (Rohacell51) are placed as spacers of 2 mm (λ/ 8) between the layers. The 40 × 48 element TA has a total thickness of 4.3 mm. The unit cell dimensions is 0.19λ at the design frequency (Lx = Ly = 3.15 mm in Fig. 1 ). The small size of the cells decreases the error resulting from discretization of the ideal phase profile to be applied on a TA according to [19] . A photograph of a fabricated layer is given in Fig. 13 . The row numbers associated with the ten types of elements are indicated in the figure. The first test consists in measuring the near field transmitted by the TA exposed to an incident plane wave at normal incidence. A probe made of a truncated rectangular waveguide was used to sweep along the x-axis for rows 1 to 10 (on the y-axis) of the TA to measure the transmission phases of different elements (Fig. 14) . In these tests, the TA and probe were installed in the quiet zone of a compact range antenna test system. The probe is at a distance of 5cm from the TA under test, in order to reduce mutual interactions between the truncated waveguide and the printed circuits on the TA and errors due to the presence of higher order modes [20] . Fig. 15 shows the measured transmission phases for the ten rows, showing transmission phases varying between −25
• and 225
• . This phase range of 250
• is smaller than the expected range of 321
• . It can be seen from the figure that the transmission phase of the first three rows in Fig. 15 have almost no difference. The same is true for rows 9 and 10. This is due to the distance between the probe scanning plane and the TA surface, which is larger than the width of the rows. When the probe is not near the edges of the TA, the difference of phase caused by each row is more visible. For instance we have a difference of approximately 202
• (at x = 0) between the phases of rows 3 and 9, and according to simulation results in Table II this difference should be of 208
• . In the central part of the TA, more specifically for |x| ≤ 50 mm, the difference of the phase shifts between adjacent rows of cells is around 36
• which is close to the expected phase differences of the design.
In the second tests, the TA is used as an aperture antenna and the tilt of the beam resulting from the linear phase modulation is observed. The test setup consisted of a horn and dielectric lens creating a planar illumination on the TA (see Fig. 16 ). Fig. 17 presents the co-polar and cross-polar radiation patterns of the resulting antenna, including the horn, dielectric lens, and TA, measured in the H-plane (yz plane in Fig. 13) . A beam tilt of 6.5
• is found at the design frequency of 19 GHz. The maximum of the beam is 1.9 dB below the maximum of the horn-lens beam obtained without the TA, which can partly be explained by the losses in the TA. The cross-polarization level TABLE III  MAXIMUM PEAK GAIN OF THREE-AND FOUR-LAYER TA PROTOTYPES   TABLE IV ELEMENTS CHARACTERISTICS OF FOUR-LAYER TA PROTOTYPE is at −30 dB at the central frequency of 19 GHz, in the direction of the main beam. However, the pattern from the TA has higher sidelobes and a beamwidth of 10.5
• compared to 6.6
• for the lens beam which explains the decrease of the maximum gain. This widening of the main beam can be due to errors in the phase of some TA elements. It was seen in Figs. 8 and 12 that three-layer elements with high susceptance magnitudes have narrow bandwidth and are very sensitive to spacing errors and thus fabrication tolerances. We can see in Table III that the gain varies by around 3 dB in a 7-GHz bandwidth. A second prototype was designed with four-layer wideband elements to cover 360
• . Table IV shows the characteristics of the TA where the element susceptances and phases are obtained from Fig. 6 . Since the later allows a phase range of 360
• , it was possible to tilt the beam at 8
• for the same aperture size. The materials used for the fabrication were the same as in prototype 1. Fig. 11 shows the insertion loss of the four-layer TA covering the whole phase range with losses less than 0.1 dB, which proves the superior performance of the individual fourlayer cells.
Full-wave simulations for the insertion loss and phase-shift variations of the 10 cells of Table IV over frequency are shown in Fig. 18 . For these 10 cells covering over 360
• of phase range, the insertion loss stays below 3 dB for a 20% bandwidth, with a maximum phase dispersion of 44
• within the band, and more similar phase change rates for all the cells, which was not the case for the three-layer cells in Fig. 12 . Again, it can be seen that the cell causing the largest phase dispersion and insertion loss near the design frequency is the one having the greatest value of b 1 (cell 3 in this case). In the three-layer case, the −3 dB bandwidth was only 2%, and the phase range was limited to 320
• . Fig. 17(b) shows the co-polar and cross-polar measured radiation patterns results. A beam tilt of 8
• is found at the design frequency of 19 GHz (360
• of phase shift on a length of 8λ). The maximum gain at 19 GHz is 1 dB lower than the lens beam. The beamwidth at 19 GHz is 8.6
• compared to 6.6 • for the lens. These differences are much less than in the three-layer case, which reflects the better performance of the four-layer cells. Table III shows the maximum gain over a frequency band of 7 GHz (32%) for the four-layer TA, where a maximum loss of 2.2 dB is observed. These results demonstrate the viability of the proposed design procedure and element selection.
VI. CONCLUSION
In this work, a very simple and reliable approach has been proposed for the design and analysis of multiple layer structures that can be used as phase shifting cells in TAs. Different types of inductive and capacitive elements are presented. Comparison has been conducted for two, three, and four layers regarding frequency response, dependence on variations of the spacing between the layers of the cells as well as sensitivity to incidence angle variations. A unit cell −3 dB bandwidth of more than 20% is achieved for cells covering the whole transmission phase range of 360
• . The demonstrated performance is generally applicable, independently from the selection of specific element geometry. The variations of the phase range of the cells are validated through full-wave simulations. Two beam-tilting TAs using three and four layers of subwavelength elements were fabricated. Measurement results follow the predictions of the numerical analysis regarding phase shifts introduced by the elements in the center rows of the TA resulting in a beam tilt and the bandwidth superiority of the four-layer design.
Due to its low loss characteristics and accurate phase control capability, the proposed TA concept would be a good candidate for subtranmitarrays in dual optics satellite antennas.
